Pig kidney microvillar proteins were extracted with octyl ,6-glucoside and reconstituted in liposomes prepared from microvillar lipids of known composition. Four peptidases, namely endopeptidase (EC 3.4.24.11), aminopeptidases N (EC 3.4.11.2) and A (EC 3.4.11.7) and dipeptidyl peptidase IV (EC 3.4.14.5), were shown to be reconstituted. At lipid/protein ratios greater than 4:1, about half the detergent-solubilized protein and nearly all of the activity of the four peptidases were reconstituted. Dissolution of the liposomes with Triton X-100 did not increase the activity of any of these peptidases, a result consistent with an asymmetric, 'right-side-out', orientation of these enzymes. When purified, endopeptidase was subjected to the same procedure; the two amphipathic forms of the enzyme (the detergent form and the trypsin-treated detergent form) were fully reconstituted. The amphiphilic form, purified after toluene/trypsin treatment, failed to reconstitute. Electron microscopy of microvilli showed that the appearance of the surface particles was profoundly altered by treatment with papain. Before treatment, the microvilli were coated with particles of stalk lengths ranging from 2.5 to 9 nm. After papain treatment nearly all the particles had stalks of 2-3 nm. Reconstituted microvillar proteins in liposomes showed the same heterogeneity of stalk length. In contrast, liposomes containing reconstituted endopeptidase revealed a very homogeneous population of particles of stalk length 2nm. Since the smallest dimension of a papain molecule is 3.7 nm, the ability of papain, and other proteinases of similar molecular size, to release microvillar enzymes is crucially affected by the length of the junctional peptide that constitutes the stalk of this type of membrane protein.
1979). Reconstruction can, therefore, be regarded as an additional criterion for amphipathic proteins. Sucrase-isomaltase (Brunner et al., 1978 (Brunner et al., , 1979 and aminopeptidase N (Wacker et al., 1976; Hussain et al., 1981) have each been shown to reconstitute asymmetrically, such that the bulk of the protein, including the active site, is exposed at the external surface. Electron microscopy has permitted an estimate of the length of the junctional peptide, or stalk, since a gap between the surface of the liposome and the globular domain of the protein was visible and the distance could be assessed. The length was reported to be more than 1 nm for sucrose-isomaltase (Brunner et al., 1978) , but the low magnification of the micrographs did not permit a more precise estimate. For aminopeptidase N, a careful assessment showed the stalk to be 5 nm in length (Hussain et al., 1981) .
Aminopeptidase N and sucrase-isomaltase are examples of proteins that are readily released from the membrane by papain. Kidney microvillar endo-peptidase (EC 3.4.24.1 1) is unusual in resisting such treatment (Kenny, 1977) . This peculiarity might suggest a relationship of the protein with the membrane different from that of other stalked proteins (for review of topology, see Kenny & Maroux, 1982) . However, we have now isolated a form of the pig kidney enzyme, produced by toluene/trypsin treatment, which has an apparent subunit size not very different from the detergent form [see the preceding paper (Fulcher & Kenny, 1983) 1. This implies that endopeptidase, like other stalked proteins, has a relatively small hydrophobic anchor. Why then should proteinases, such as papain, trypsin and elastase, fail to release the enzyme from the intact membrane? This is the question that we have addressed in the present paper. Our results show that the endopeptidase is a stalked protein, but that the length of the junctional peptide is too short to allow access by proteinases.
Experimental Materials
Radiolabelled dioleoyl phosphatidylcholine 3H-labelled in the head group, was synthesized and supplied by the Department of Biochemistry, University of Cambridge, Cambridge, U.K. n-Octyl f-D-glucopyranoside, potassium cholate, papain Type III, phosphatidylcholine (egg lecithin) Type IIIE were from Sigma (London) Chemical Co., Triton X-100 was from BDH Chemicals Ltd., and Nsuccinimidyl-3-(4-hydroxyphenyl)propionate was purchased from Pierce and Warriner (U.K.) Ltd., Chester, Cheshire, U.K. Antipain was purchased from the Protein Research Foundation, Osaka 562, Japan.
Preparation of liposomes and reconstitution of proteins
Microvilli were prepared as previously described (Booth & Kenny, 1974) . Lipids were extracted as described by Hussain et al. (1981) . Lipid/protein ratios were determined gravimetrically, protein being determined by the Lowry method. Membrane proteins were extracted with either potassium cholate as described by Warren et al. (1974) or by octyl f-glucoside as described by Helenius et al. (1977) . For octyl f-glucoside extraction, microvilli (25mg or protein) in 2.5 ml of 50 mM-Tris/HCl (pH7.4)/0.25M-sucrose/1M-KCI were treated with 4 ml of 120mM-octyl glucoside in the same medium for I h. The supernatant fraction after centrifugation for 1 h at 31 000g was transferred to a tube containing the dried lipids and octyl glucoside in a detergent/lipid ratio of 4:1 (w/w). The suspension was vigorously mixed with a Whirlimixer (Fisons Scientific Apparatus, Loughborough, Leicestershire, U.K.) until the mixture was substantially clear.
When pure endopeptidase was reconstituted with octyl glucoside, lOOpg of the protein in 1ml of 30mM-octyl glucoside in the same Tris/sucrose/KCI medium was mixed with lipids and treated as described above.
For potassium cholate reconstitution, the microvilli were suspended in the same medium, except that 50mM-potassium phosphate buffer, pH 8.0, was substituted for Tris. Cholate (125mg in 3 ml of the same medium) was added and the supernatant fraction obtained as described above. An equal amount of cholate in the same buffer was added to a tube containing dried lipid and sonicated in a Shuco Megason ultrasonic cleaner (temperature kept below 400C) until the opaque suspension became clear. This was now added to the cholate-solubilized microvillar proteins.
In each experiment, trace amounts of 13Hi-phosphatidylcholine (50000 c.p.m.) were added to the lipids. In both procedures, the mixtures were dialysed for 24h at 40C against 2 litres of the appropriate medium, described above, followed by a further period (24 h) against 5 litres of either 10mM-Tris/HCI, pH 7.4, or 10mM-potassium phosphate buffer, pH 8.0. At this stage, the media contained 2 g of Amberlite XAD-2.
Flotation analysis of the reconstituted liposomes was performed as described by Hussain et al. (1981) , except that the sample was layered on the top of the gradient.
Purification ofendopeptidase
The detergent form was solubilized from pig kidney microvilli (100mg of protein) by 500mg of octyl glucoside in 10ml of 50mM-Tris/HCI. pH 7.4. After centrifugation (1 h at 31 000g) the endopeptidase was purified by immunoadsorbent chromatography as previously described for the Triton X-100-extracted enzyme. Trypsin treatment and the purification of the toluene/trypsin forms were also as described in the preceding paper (Fulcher & Kenny, 1983 Triton X-100 before assay.
Papain treatment qfmicrovilli This was as described previously (Booth et al., 1979) , the ratio papain/microvillar protein being 1 : 10 (w/w). (Kenny, 1977) . Aminopeptidase N (EC 3.4.11.2), aminopeptidase A (EC 3.4.11.7) and dipeptidyl peptidase IV (EC 3.4.14.5), were assayed with the 4-methyl 7-coumarylamide derivatives of alanine, glutamic acid and glycylproline respectively [see the preceding paper (Fulcher & Kenny, 1983) ]. Analysis ofmicrovillar membrane lipids Lipids were extracted (Folch et al., 1957) and, in calculating ratios, the total lipid was determined gravimetrically and protein was determined as described by Warren et al. (1974) . Total phospholipid was determined by the method of Ames (1966) . Phospholipids of different head-group class were separated by two-dimensional t.l.c. (Rouser et al., 1968) . Cholesterol was determined by the method of Searcy et al. (1960) .
I21-labelling ofendopeptidase
The preparation of hydroxyphenylpropionic acid ester and its iodination and labelling of the enzyme were carried out as described by Bolton & Hunter (1973) ; 10,ug of the detergent form of the endopeptidase was labelled with 2 mCi of 1251I. The specific radioactivity of the product was 1 x 107 c.p.m./,ug. It was stored at -700C in 10mM-Tris/HCl (pH 7.4)/0.25% gelatin.
Results

Lipid composition ofmicrovillar membranes
The results of analysing three preparations of pig kidney microvilli are given in Table 1 . Few analyses of lipids in kidney microvilli are available and, furthermore, the information refers to other species and to different types of preparation, e.g. rat brush borders (Glossmann & Neville, 1971) , rabbit brush borders (Quirk & Robinson, 1972) and rat microvilli purified by free-flow electrophoresis (Bode et al., 1976) . There is a wide variation between the values quoted, which, for the present, must be regarded as indicating considerable species differences. Our results are given mainly to show the type of lipids from which liposomes were prepared.
Reconstitution of detergent-solubilized microvillar proteins
Some preliminary experiments were performed to compare liposomes prepared from phosphatidylcholine with those from lipids extracted from microvilli. The microvillar proteins were extracted with either octyl glucoside or potassium cholate. The reconstitution was achieved either by sonication (for the cholate method) or by vigorous mixing (for Orientations of microvillar peptidases when reconstituted in liposomes Four enzymes were assayed in the reconstituted liposomes with and without treatment with 1% Triton X-100. Assuming that the lipid membrane was not permeable to the substrates, a random orientation of the hydrolases in the membrane would be expected to prevent the access of substrates to half the active sites. Dissolution of the liposomes with a detergent would be expected to expose this latent activity. The enzymes studied were endo- (Fulcher & Kenny, 1983) ]. The detergent-solubilized endopeptidase and that form treated with trypsin (the d-and dt-forms) are amphipathic proteins, by many criteria. The third form is hydrophilic after release from the membrane by toluene/trypsin treatment (tt-form). Reconstitution of all three forms was attempted and the mixtures analysed by rate-zonal centrifugation in a sucrose density gradient. The results are shown in Fig. 2 . Two radioactive markers were present in each experiment. Liposomes were monitored by the presence of added [3Hlphos-phatidylcholine. A trace amount of '25I-labelled endopeptidase (d-form) was also added. This had been labelled by the procedure described by Bolton & Hunter (1973) . The liposomes. containing all the 3H radioactivity, were recovered in fractions at the top of the gradient. The 251I-labelled d-form of the endopeptidase was mainly associated with the same fractions, with a small amount of activity being found at the bottom of the tube. Of the three forms of the endopeptidase, 88% .of the d-form, and 92% of the dt-form, were recovered with the liposomes. In contrast, none of the activity of the tt-form was present in these fractions. These results confirm the amphipathic nature of the d-and dt-forms of the enzyme and the hydrophilic character of the tt-form. In (2).
Electron microscopy of kidney microvillar membrane vesicles; effect ofpapain on the surface When microvillar vesicles were examined by negative staining, the surface revealed a rather complex and irregular coating of globular structures (Plate la). The irregularity relates primarily to the presence of several layers of particles, some close to the membrane, others protruding beyond this proximal layer. Treatment of membrane vesicles with papain had the effect of simplifying the organization of the particles: now only the proximal coating was seen (Plate lb). This visual assessment was confirmed by a morphometric analysis. The film negatives of vesicles were projected with their centres superimposed on the centre of a radial grid, with radii at 100 intervals. The particles seen in profile at the edge of each vesicle were examined in alternate segments. The particle possessing the longest stalk was identified and the length of the gap between liposome and particle was estimated. At the screen magnification (about x 106), measurements were possible to within 0.5 mm, corresponding to 0.5 nm. The decision to record the maximurm gap, rather than a mean value, was made for two reasons. First, the liposomes, when dried on the grid, are collapsed discs, and the particles seen at the edge might be anchored to a region either at or near the edge. But the true length of the stalk would only be revealed by those arising from the edge; others arising nearby would appear to be shorter. Hence the longest stalk is likely to belong to a particle anchored at the edge. The second reason was that the analysis of maximum stalk lengths excluded any bias towards short stalks, which, before beginning the analysis, seemed to be a likely explanation for the insensitivity to papain. At least 250 observations were used in each of the frequency distributions shown in Fig. 3 . Untreated microvilli produced a very broad distribution of stalk lengths, ranging from 2.5 to 9nm, possibly bimodal with maxima at 3.5 and 6.5 nm. Papain-treated microvilli yielded a quite different distribution: a relatively homogeneous population with a median value of 3 nm. Very few long stalks were observed on the treated microvilli.
Electron. microscopy of reconstituted microvillar proteins in liposomes When liposomes were reconstituted with a detergent extract of untreated microvilli, the surface particles exhibited an irregular organization (Plate 2b) not unlike that observed with untreated microvilli (Plate la). The frequency distribution of the spacing was clearly bimodal, with maxima at 3.5 nm and 6 nm. The liposomes in which the d-form of the endopeptidase had been reconstituted (Plates 2a and 2c) revealed a very uniform coating of particles, all very close to the surface of the liposome. The frequency distribution confirms the existence of a homogeneous population of particles possessing a stalk with a median length of 2 nm.
The dimensions of the globular component of the endopeptidase were also assessed. The particles seen en face, on the surface of liposomes, had diameters 4.62(±0.39)nm x 3.85(+0.35)nm (mean + S.D., 25 measurements). Those seen in profile at the edge were larger: 6.16 (±0.39)nm x 4.34 (±0.33)nm (55 measurements). We believe the latter is the better estimate, since the particles seen en face probably represent tips of the ellipsoidal structures protruding through a pool of opaque stain. However, this view does serve to show the dimeric structure of the enzyme in the reconstituted form. The volume of a subunit, calculated from the profile measurements, may be either 86 nm3 or 61 nm3, depending on whether the shape is 'pumpkin'-like or 'egg'-like. Assuming a partial specific volume of 0.72cm3.*-1, subunit masses of 72000 or 52000Da can be calculated. The former is closer to that (89000) assessed by other means [see the preceding paper (Fulcher & Kenny, 1983) (Helenius et al., 1981) . It is non-ionic, has a high critical micellar concentration and is readily diffusible on dialysis. The microvillar endopeptidase is inactivated by deoxycholate, the detergent favoured by Hussain et al. (1981) for reconstituting aminopeptidase N. Cholate did not have this disadvantage, but seemed to be marginally inferior to octyl glucoside. We also favoured the use of 'natural' (i.e. microvillar) lipids rather than phosphatidylcholine (egg lecithin). They seemed to give slightly higher efficiencies in reconstituted microvillar proteins. Moreover we did not encounter the formation of two populations of liposomes, heavy and light, when low lipid/protein ratios were used, as reported by Hussain et aL (1981) . However, we do not claim to have optimized the system, nor do we suggest that alternative methods would have been less successful in achieving our objective, which was to reconstitute microvillar membrane proteins, including endopeptidase, in a form suitable for electron microscopy.
Orientation of microvillar peptidases when reconstituted in liposomes The four peptidases examined in these studies are dimeric proteins when purified. The detergent forms contain a micelle of Triton X-100 [Fulcher & Kenny, 1983 (the preceding paper); see also Kenny & Maroux, 19821 . The octyl glucoside forms have not been investigated, but are likely to have similar structures. Since no latency was observed for any of the four peptidases after reconstitution in liposomes, we conclude that they were reconstituted in an asymmetric, 'right-side-out' orientation. Helenius et al. (1981) observed the same orientation for SemlikiForest-virus spike protein and for a penicillinase, when reconstituted under similar experimental conditions. Apparently the protein-detergent complexes do not have access to the inner surface of preformed liposomes.
Microvillus membrane surface
The knobs or particles that are revealed by negative staining on the surface of microvilli were first reported on intestinal microvilli (Johnson, 1966; Nishi et al., 1968) and, later, in preparations from kidney (Wong-Leung et al., 1968; Rostgaard & Thuneberg, 1972) ; their likely identity with some of the surface hydrolases has been repeatedly suggested (see Kenny & Maroux, 1982) . We now wish to draw attention to the heterogeneity of these particles. Their attachment to the membrane can be close or distant, indicating a stalk length ranging from 2 to 9nm. Treatment with papain drastically altered the population of particles so that very few of the long-stalked particles remained and most particles were connected by a stalk 2-3 nm in length.
The junctional peptide of these papain-resistant proteins may, of course, lack an amino acid sequence containing susceptible peptide bonds. Since no sequence information is available, this possibility cannot be excluded. However, we propose a simpler explanation: that a stalk length greater than 3 nm is necessary to permit access by the proteinase. Papain is an ellipsoidal molecule of dimensions 5.Onm x 3.7nm x 3.7nm (Drenth et al., 1971 ): a molecule of this size could not penetrate the gap between the globular head and the membrane surface unless it is at least 4 nm in width. Reconstitution ofthe endopeptidase in liposomes The appearance after negative staining (Plate 2) and the morphometric analysis (Fig. 3) indicate a homogeneous population of particles of stalk length 2 nm. We can exclude any tendency for short-stalked proteins to be reconstituted preferentially, because unfractionated microvillar proteins, reconstituted by the same technique, revealed a bimodal population that included short and long stalks and covered a range of lengths that was identical with that observed with untreated microvilli. Our morphometric method was biased in favour of long stalks, for the reasons mentioned in the Results section. The approach explains a slight tendency for skewing towards the right in the distributions shown in Fig. 3 , since rarely occurring long stalks were recorded, but not short stalks when they were in a minority. We propose that the 2 nm stalk of endopeptidase provides an adequate explanation of the failure of papain, trypsin or elastase to cleave in the region of the junctional peptide. Our results also confirm that the endopeptidase is, like the other microvillar hydrolases so far characterized, a stalked protein.
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